INTRODUCTION
============

The bacteriophage T4 DNA replication system efficiently replicates this virus\'s long double-stranded DNA chromosome, and for more than five decades it has served as an effective model for dissecting the detailed mechanisms of DNA replication in all organisms ([@B52]; [@B3]; [@B74]; [@B80]; [@B79]; [@B47]; [@B56]; [@B9]). In the 1980s, an in vitro DNA replication system was developed as an attempt to reconstitute, with purified DNA and proteins, the recombination-dependent form of DNA synthesis that operates during the late stages of T4 bacteriophage infection of *Escherichia coli* cells (denoted as recombination-dependent replication, or RDR). In this system ([@B25]), the 3′-OH end of a single-stranded DNA molecule serves as the primer required to start DNA synthesis on a double-stranded DNA template. The reaction requires a double-stranded DNA molecule that has a region complementary to the sequence at the 3′-OH end of the DNA single-strand that primes DNA synthesis, as well as the T4 UvsX strand-exchange protein, a close homologue of the Rad51/RecA proteins ([@B27]). The UvsX protein catalyzes the homologous DNA pairing that forms a displacement loop (D-loop), and it also drives a subsequent ATP hydrolysis--driven directional branch-migration reaction ([@B96]; [@B41]; [@B42]; [@B67]). The T4 DNA polymerase holoenzyme is composed of the DNA polymerase (gp43) plus polymerase accessory proteins (the gp45 sliding clamp and the gp44/ gp62 clamp loader; [@B38]). This holoenzyme catalyzes DNA synthesis that begins at the 3′-OH end of the DNA primer, in a reaction that requires the T4 single-strand binding protein (gp32, also known as the gene 32-protein; [@B5]; [@B40]). This reaction is greatly stimulated by the T4 dda protein, a DNA helicase that binds to a DNA single strand and moves in the 5′ to 3′ direction along it to pry open helical structures ([@B32]).

Because branch migration driven by the UvsX protein can remove the newly synthesized DNA chain from its template behind the polymerase, the above system produces a moving "replication bubble," with a newly made single-stranded DNA molecule being released as the final product. Specific protein--protein interactions are required, inasmuch as the *E. coli* RecA protein is unable to substitute for the UvsX protein in this in vitro reaction, with or without *E. coli* SSB present ([@B25]). This form of DNA synthesis is said to be conservative, in contrast to the semiconservative form of DNA synthesis that is catalyzed by a standard replication fork. (As for RNA synthesis, the DNA double helix that serves as the template is left unchanged.)

The T4 gene 41 protein (gp41) is a DNA helicase that interacts with a DNA primase (61 protein, gp61) to form the T4 primosome on the lagging strand of a replication fork ([@B15]; [@B34]; [@B35]; [@B97]: [@B49]). The addition of these two proteins had no effect on the recombination-dependent DNA synthesis reactions previously reported ([@B25]). Subsequently, the T4 gene 59 mediator protein (gp59) was discovered and characterized ([@B92]; [@B8]; [@B70], [@B69]); gp59 binds to both gp41 and gp32, and it thereby promotes the assembly of the T4 primosome on DNA ([@B36]; [@B61]; [@B19]; [@B12]; [@B9]). The gp59 mediator (also termed a helicase-­assembly protein) is required for efficient recombination-dependent DNA replication inside a T4 bacteriophage-infected cell ([@B86]), and in this report we reexamine the properties of the above in vitro DNA replication system with this protein present.

T4 bacteriophage, which was selected by Max Delbrück and the phage group to initiate the new field of molecular biology in the early 1940s ([@B88]), is now known to have many relatives in the ocean that infect the enormously abundant marine cyanobacteria of the genera *Synechococcus* and *Prochlorococcus* ([@B24]). As a major component of the many different viruses that, in total, are estimated to kill ∼20% of the total ocean biomass per day, these cyanophages play a large role in nutrient recycling ([@B89]). Thus, quite unexpectedly, the proteins studied here---which are conserved in these T4 relatives ([@B16])---intimately affect the Earth\'s ecology.

RESULTS
=======

The gp59 mediator promotes T4 primosome assembly on single-stranded DNA covered with the gp32 and UvsX proteins
---------------------------------------------------------------------------------------------------------------

At late times of infection of an *E. coli* bacterium by T4 bacteriophage, the replication of the viral DNA is initiated by a process that requires genetic recombination ([@B60]; [@B74]). The T4 strand-exchange protein, UvsX, is essential for this synthesis, and abundant amounts of this protein are produced ([@B96]). This DNA-dependent ATPase, a Rad51/RecA analogue, binds tightly and cooperatively to a DNA single strand in the presence of ATP. It thus forms long clusters that hold DNA in a special elongated conformation that can extend for thousands of DNA nucleotides ([@B31]; [@B6]; [@B27]).

A moving DNA replication fork requires a DNA helicase enzyme that uses the energy of nucleoside triphosphate hydrolysis to pry open the DNA double helix ahead of the leading-strand DNA polymerase. For T4 bacteriophage, this helicase is gp41, which forms the T4 primosome along with a partner DNA primase (gp61). The loading of this helicase---and thus the primosome---onto DNA is an important step in forming a replication fork. Rates of gp41 loading can be readily measured in vitro by assaying for the primosome-dependent initiation of RNA-primed DNA synthesis on a single-stranded circular DNA template, as schematically illustrated in [Figure 1D](#F1){ref-type="fig"} ([@B15]; [@B34]). Under conditions resembling those inside a cell, where an excess amount of gp32 is present to coat DNA single strands, gp41 loading is greatly accelerated by the addition of the gp59 mediator ([@B36]; [@B61]; see also [Figure 1A](#F1){ref-type="fig"}). However, as shown in [Figure 1B](#F1){ref-type="fig"}, there is no detectible loading of gp41 onto DNA when the UvsX protein alone coats single-stranded DNA, either with or without gp59 present.

![In the presence of UvsX protein, both gp59 and gp32 (32 protein) are needed to assemble a primosome on single-stranded DNA. RNA-primed DNA synthesis was carried out as described in *Materials and Methods*, either with (purple) or without (green) the addition of gp59. The single-stranded, circular M13 DNA template was incubated for 1 min at 37°C with the following DNA binding proteins: (A) gp32 (32 protein), (B) UvsX protein, and (C) both gp32 and UvsX proteins. DNA synthesis was then initiated by the addition of the T4 DNA polymerase holoenzyme and the T4 primosome (the DNA primase, gp61, plus the DNA helicase, gp41). When present, gp32 was present at 1.2 times the amount needed to cover all the single-stranded DNA (62 µg/ml), based on a binding site of 7 nucleotides per gp32 molecule ([@B98]). The UvsX protein was present at 1.3 times the amount needed to cover all the single-stranded DNA (100 µg/ml), based on a binding site of five nucleotides per UvsX protein molecule. In (C) many DNA circles are covered by alternating patches of UvsX and gp32, each in a linear array that reflects each protein\'s cooperative DNA binding ([@B30]). In (D), we diagram the sequence of polynucleotide syntheses in these reactions---the primosome-catalyzed synthesis of a pentaribonucleotide (RNA primer) that then primes DNA synthesis by T4 DNA polymerase and its accessory proteins.](mbc-30-146-g001){#F1}

What happens to helicase loading when both gp32 and UvsX protein are present in a roughly 1:1 mixture, and in excess over the available single-stranded DNA---the situation that exists within a T4-infected cell? As shown in [Figure 1C](#F1){ref-type="fig"}, without the gp59 mediator present, gp41 loading is nearly completely blocked; but when gp59 is added, gp41 loading is restored to nearly the rate observed without UvsX protein present (a 23-fold increase in rate; compare [Figure 1A](#F1){ref-type="fig"} with Figure [1C](#F1){ref-type="fig"}). To interpret this result, we note that, when both UvsX and gp32 are present in excess, the two compete for binding to a DNA single strand. Because each protein binds cooperatively to DNA, with a gp32 monomer preferring to bind next to a previously bound gp32 molecule and a UvsX monomer preferring to bind next to a bound UvsX molecule, long alternating clusters of each type of protein are observed on a single--stranded DNA molecule ([@B30]). As others have studied in detail ([@B36]; [@B13], [@B12]), gp59 binds both to gp32 and to gp41, and it can act as a mediator to load gp41 onto patches of DNA covered with gp32. The results in [Figure 1C](#F1){ref-type="fig"} demonstrate that this loading also occurs efficiently in the presence of excess UvsX protein. But from the [Figure 1](#F1){ref-type="fig"} results, we conclude that gp41 loading can only occur on those regions of single-stranded DNA that have gp32 bound, and that any regions covered with UvsX protein are not accessible targets in our system (note that the T4 UvsY protein was not present in these experiments; for a more complete analysis with similar conclusions, see [@B11]).

Once begun, the DNA synthesis catalyzed by the T4 DNA polymerase holoenzyme appears to have little or no problem using a UvsX-coated single strand of DNA as its template. If there were such a problem, the rate of DNA synthesis with 59 protein present in [Figure 1C](#F1){ref-type="fig"} should be much less than is observed.

The addition of the gp59 mediator strongly stimulates recombination-dependent DNA synthesis in an in vitro assay
----------------------------------------------------------------------------------------------------------------

The above results encouraged us to add 59 protein to the in vitro assay system that had been explored in detail earlier. In our version of the assay, a unique single-stranded DNA fragment of 1623 nucleotides is provided to prime DNA synthesis on a 7.25-kb linear double-stranded DNA molecule that contains a complementary sequence. Aided by a small amount of the T4 mediator protein UvsY (also termed a recombination-mediator protein), the T4 UvsX strand-exchange protein coats this single strand and catalyzes a DNA pairing reaction that inserts the 3′-OH end of this "primer" into a homologous region of the double-stranded DNA, forming a D-loop. The inserted 3′-OH end then primes DNA synthesis by the T4 DNA polymerase holoenzyme, which uses the double-stranded DNA as a template.

What DNA products might be expected to form in our in vitro reactions? In the absence of a complete T4 primosome (that is, when either gp61 or gp41 protein is missing), our earlier results indicate that a DNA single strand should be produced through a mechanism that involves a moving replication bubble ([@B25]). This conservative form of DNA synthesis is diagrammed on the left side of [Figure 2](#F2){ref-type="fig"}, and it should proceed whether or not gp59 is added.

![Schematic illustration of three possible types of recombination-dependent DNA synthesis. (Left) Conservative DNA synthesis of the type reported by [@B25], in which only a DNA single strand is produced. The dda protein was the T4 DNA helicase used in that earlier work; here we show that we can replace it with a mixture of gp41 DNA helicase and gp59 to drive the reaction shown on the left. (Right) Top, What happens when gp61 is added to form a complete primosome? If the T4 primosome (gp41 plus gp61) is loaded onto the displaced single-stranded tail, conservative DNA synthesis will produce a new DNA double helix in which both of the DNA strands in the new duplex are newly made. Bottom, If the T4 primosome is instead loaded inside the D-loop, DNA synthesis will occur semiconservatively. In that case, as at the standard replication fork, both of the two daughter DNA helices produced contain one old and one new strand.](mbc-30-146-g002){#F2}

With both primosome and gp59 mediator present, DNA should still be synthesized continuously on one template strand, resembling the DNA made on the leading strand of a fork. But short DNA fragments should now be made on the other template strand, reflecting a repeated production of short RNA primers that repeatedly initiate DNA synthesis (just as for the "Okazaki fragments" synthesized on the lagging side of a normal replication fork). Very importantly, as illustrated on the right side of [Figure 2](#F2){ref-type="fig"}, there are two very different pathways for such synthesis. If the primosome loads onto the long, emerging single-stranded DNA tail, a conservative form of double-stranded DNA synthesis results; in contrast, if the primosome loads onto the single-stranded DNA *inside* of the D-loop bubble, double-stranded DNA is synthesized semiconservatively.

[Figure 3](#F3){ref-type="fig"} provides an analysis of the DNA produced in our new in vitro reactions. Because agarose gel electrophoresis in 30 mM NaOH has been used to separate the two strands of all DNA double helices present, a gel autoradiograph reveals the size of the newly synthesized DNA strands (radioactively labeled due to the \[α-^32^P\]dTTP precursor). In most reactions, the predominant product is a DNA strand of ∼7162 nucleotides, as expected from full elongation of the primer strand (the 7250-nucleotide template length minus 88 nucleotides). Short Okazaki fragments are produced only when both of the proteins that form the T4 primosome are present (gp41 and gp61), along with gp59 (reaction 6 in [Figure 3](#F3){ref-type="fig"}). (Note that, because the enzymes that remove RNA primers inside the cell are absent in our reactions, each Okazaki fragment remains disconnected from its neighbors.) As extensively studied elsewhere, these fragments are greatly reduced if rUTP and rCTP are omitted from such in vitro reactions, inasmuch as these precursors are required to synthesize most T4 pentaribonucleotide primers ([@B50], [@B51]).

![Okazaki fragments are produced during recombination-dependent DNA synthesis only when both gp59 and the primosome are present. As diagrammed in [Figure 2](#F2){ref-type="fig"}, the 1623-nucleotide-long single strand that primes recombination-dependent DNA synthesis is homologous to a region that begins 88 nucleotides from one end of a *Bgl*II linearized DNA template (which contains 7250 nucleotide pairs). DNA synthesis that is primed by the 3′OH end of the single strand can therefore extend this strand by 5539 nucleotides to the end of the double-stranded template, producing a 7162-nucleotide-long DNA single strand as product (7250 minus 88 nucleotides). In reactions 1 through 5 there is no functional primosome, and "snap-back" DNA synthesis ([@B29]; [@B23]) on the 7-kb single-stranded DNA product is seen to produce small amounts of a hairpin helix formed from a DNA strand elongated to 14 kb (see Supplemental Figure S5A and [@B71]). The addition of the 41 protein (gp41), a DNA helicase that moves in the 5′ to 3′ direction along a DNA single strand, stimulates snap-back synthesis; but it also produces a small amount of more slowly migrating DNA strands (henceforth designated as "19 kb"). The latter reaction, which is greatly increased by addition of gp59, is eliminated when the primosome is activated to produce Okazaki fragments on the single-stranded DNA (reaction 6). Standard reactions for recombination-dependent DNA synthesis were prepared as described in *Materials and Methods*. Linearized M13MP19 double-stranded DNA (prepared by *Bgl*II digestion) was preincubated with the DNA polymerase holoenzyme, gp32, the dda DNA helicase, and the recombination proteins UvsX and UvsY. The 61 protein (gp61 DNA primase), 41 protein (gp41, DNA helicase), and 59 protein (gp59) were present where indicated. After a brief equilibration at 37°C, recombination-dependent DNA synthesis was started by the addition of a linear single-stranded DNA molecule and the nucleotide substrates (see *Materials and Methods*). After different times at 37°C, the mixture was subjected to strong denaturing conditions and the radioactivity in the individual DNA strands produced, labeled by incorporation of \[α-^32^P\]dTTP at 830 Ci/mol, was analyzed by electrophoresis through a 0.8% agarose alkaline gel. An autoradiograph of the gel is shown at the (a) 10-min and (b) 20-min time periods.](mbc-30-146-g003){#F3}

The addition of the gp61 DNA primase alone is without effect on the products obtained, with or without gp59 present. But in a reaction requiring gp59, the addition of the gp41 DNA helicase alone stimulates DNA synthesis---significantly increasing the amount of radioactive label in the largest (slowest-migrating) DNA strands (compare reaction 4 to reaction 2 in [Figure 3](#F3){ref-type="fig"}).

We next repeated critical parts of the experiment using a 5′ ^32^P end-labeled, 1623-­nucleotide DNA single strand to prime DNA synthesis, leaving all of the deoxyribonucleoside triphosphate precursors unlabeled. In this case, an exclusive labeling of the DNA made on the leading strand is expected from either of the alternative models on the right side of [Figure 2](#F2){ref-type="fig"}. The results are shown in Supplemental Figure S1. As expected, the quantity of short radioactive DNA strands is greatly reduced compared with that in [Figure 3](#F3){ref-type="fig"} (and is here attributed to incompletely lengthened 1623 nucleotide primers). Moreover, the addition of gp61 to gp41 (to complete the primosome) now has little effect on the pattern of radioactivity observed by gel electrophoresis, inasmuch as the Okazaki fragments being produced are not radioactive.

Supplemental Table S1 describes how the rate and products of the complete reaction in [Figure 3](#F3){ref-type="fig"} (reaction 6) change when other specific DNA and protein components are omitted. The table reveals that the dda DNA helicase, which is present in nearly all of the experiments that we report here, has no effect on the pattern of DNA products produced. This helicase was strongly required for recombination-induced DNA synthesis in earlier studies ([@B25]); but with the gp41 helicase now engaged, the dda helicase stimulates synthesis only ∼1.5-fold.

When the primosome is active, the longest DNA products in [Figure 3](#F3){ref-type="fig"} and in Supplemental Figure S1 have a length of ∼7 kb, as expected from the reactions diagrammed in [Figure 2](#F2){ref-type="fig"}. However, when primosome assembly is blocked, some single-stranded DNA products are synthesized that appear to be much longer than the linear double-stranded DNA template. More specifically, in reaction 2 of [Figure 3](#F3){ref-type="fig"}, a small amount of labeled DNA is seen to be produced with an apparent size of 14 kb, twice the 7-kb length. There is nothing surprising here: a product of this length is readily generated if the 3′OH end of a released 7-kb single strand folds back on itself to form a short hairpin helix---thereby allowing its 3′OH to prime "snap-back" DNA synthesis on that same strand. The expected product is a 7-kb double-stranded DNA molecule with its two strands covalently linked at one end, which migrates as a 14-kb single strand during alkaline agarose gel electrophoresis (see Supplemental Figure S5A). However, DNA strands are also detected that migrate more slowly, and more heterogeneously, at approximately 19 kb. This product becomes quite significant only when both gp41 and gp59 are present (see reaction 4 of [Figure 3](#F3){ref-type="fig"}). As is true for the 14-kb band, the "19-kb" species is eliminated when Okazaki fragments are synthesized (compare reactions 4 and 6 in [Figure 3](#F3){ref-type="fig"}, or reactions 1 and 2 in Supplemental Figure S1). For a discussion and diagram that illustrate how this unexpected product can arise, see the Supplemental Text and Supplemental Figure S5.

The T4 primosome rapidly loads inside a D-loop bubble, producing semiconservative DNA replication
-------------------------------------------------------------------------------------------------

The results presented thus far are consistent with either of the two modes of recombination-dependent DNA synthesis that were illustrated on the right side of [Figure 2](#F2){ref-type="fig"}---that is, with either the conservative or the semiconservative synthesis of a new DNA double helix. To distinguish between these two very different reactions, we replaced the linear DNA double helix that serves as the template in [Figure 3](#F3){ref-type="fig"} with a closed circular supercoiled DNA molecule. Recombination-dependent DNA synthesis by the conservative mechanism should be unaffected by this change. But if the semiconservative mechanism of synthesis occurs instead, DNA synthesis should be blocked soon after it starts by a rapid increase of superhelical tension ahead of the new replication fork that forms. Moreover, because the addition of a DNA topoisomerase enzyme can release all such tension, topoisomerase addition would be expected to stimulate DNA synthesis only for the semiconservative mechanism.

We compare the amount of recombination-dependent in vitro DNA synthesis observed on a linear versus a circular, supercoiled DNA template molecule in [Figure 4, A and B](#F4){ref-type="fig"}. On a linear DNA template, twice as much DNA is synthesized when gp61 (61 protein) is added to complete the primosome (compare reaction 5 with reaction 4 in [Figure 4B](#F4){ref-type="fig"}), as expected for the induction of DNA synthesis on the lagging strand. But when the same DNA template is present in a closed circular form, completing the primosome inhibits DNA synthesis (compare reaction 2 with reaction 1 in [Figure 4A](#F4){ref-type="fig"}). Most strikingly, the addition of T4 DNA topoisomerase (a complex of T4 gp39/gp52/gp60) converts this inhibition into a dramatic stimulation of DNA synthesis by gp61 addition (compare reaction 3 with reaction 2 in [Figure 4A](#F4){ref-type="fig"}). These findings support the *semiconservative* mechanism of DNA synthesis that was illustrated in [Figure 2](#F2){ref-type="fig"}.

![Lagging-strand DNA synthesis creates a DNA topoisomerase requirement for recombination-dependent DNA synthesis on supercoiled, but not on linear DNA templates. (A) Amount of DNA synthesized when the double-stranded DNA template is supercoiled. (B) Amount of DNA synthesized under exactly the same conditions when the double-stranded DNA template is linear. (C) Alkaline agarose gel electrophoresis of the radioactive products from the reactions in A and B. Note that DNA products much longer than the supercoiled template molecule are formed in the absence of gp61 and topoisomerase (reaction 1), due to rolling-circle DNA synthesis from a small moving bubble ([@B25]). But when gp61 is added to complete the primosome, lagging-strand synthesis occurs on the supercoiled template. Now all of the products are short without topoisomerase present (reaction 2). When topoisomerase is added, long DNA products are synthesized on the supercoiled template like those in reaction 1, along with products resembling Okazaki fragments and a conspicuous band at 7.25 kb (reaction 3). In contrast, there is no effect of topoisomerase on the products made on the linear template in the presence of 61 protein (compare reactions 5 and 6). See [Figure 5](#F5){ref-type="fig"} for diagrams that illustrate these results. As described in *Materials and Methods*, M13MP19 double-stranded DNA, either supercoiled (form I) or *Bgl*II-linearized (form III), was preincubated with the DNA polymerase holoenzyme, gp32, gp41, gp59, UvsX, UvsY, and the dda DNA helicase. The gp61 DNA primase (61 protein) and the T4 DNA topoisomerase were also present where indicated. After temperature equilibration at 37°C, recombination-dependent DNA synthesis was started by the addition of the homologous 1623 nucleotide single-stranded DNA primer and the nucleotide substrates. After 7 and 14 min of DNA synthesis, the amount of product was determined from the incorporation of radioactively labeled \[α-^32^P\]dTTP precursor (panels A and B), and aliquots were analyzed by alkaline gel electrophoresis through 0.6% agarose followed by autoradiography (panel C).](mbc-30-146-g004){#F4}

A comparison of the size of the DNA product strands, analyzed by agarose gel electrophoresis under DNA-denaturing conditions, supports this conclusion. As shown in [Figure 4C](#F4){ref-type="fig"}, a very long leading-strand product is seen to be produced by "rolling circle" DNA synthesis on the circular, supercoiled DNA template in the absence of the primosome (reaction 1). The synthesis of this product is completely blocked when gp61 is added to complete the primosome (reaction 2). But with topoisomerase present, this block is converted to strong gp61 stimulation, accompanied by abundant Okazaki fragment synthesis (reaction 3).

Our interpretation of the reactions observed on a circular, supercoiled DNA template molecule is diagrammed in [Figure 5](#F5){ref-type="fig"}. As it does on a linear double-stranded template, the reaction starts with the UvsX protein-catalyzed insertion of the 3′OH end of the 1623-nucleotide primer into the region of DNA double helix of complementary sequence, forming a "D-loop bubble." Inside this bubble, a section of the double-stranded template molecule is exposed as a single strand, having been displaced by the invading DNA primer. The unfavorable free energy of positive supercoiling is expected to limit the length of this single strand to only a few hundred nucleotides ([@B90]). To explain the semiconservative DNA synthesis observed in the complete reaction, the primosome must be rapidly and preferentially loaded onto this small region of single-stranded DNA. Once so positioned, the primosome produces a 5-nucleotide-long RNA primer that initiates Okazaki fragment production inside the bubble ([@B50]; [@B15]; [@B34]).

![Depiction of the products of recombination-dependent DNA synthesis on a supercoiled template. The products of reactions 1--3 in [Figure 4](#F4){ref-type="fig"} can be accounted for by the molecules shown here. For simplicity, supertwisted molecules are depicted in the covalently closed relaxed state. Because lagging-strand synthesis is semiconservative, the replication fork stalls when topoisomerase is not present to remove DNA winding strain ahead of the fork. The replication fork in the plus-topoisomerase reaction is depicted as unidirectional. Consequently, one of the form II circular products of this reaction contains a newly synthesized leading strand that is 7250 nucleotides long.](mbc-30-146-g005){#F5}

On a circular, superhelical DNA template, the leading-strand DNA polymerase is quickly forced to stop due to the superhelical tension that builds up as it moves, requiring a topoisomerase to relieve the tension. In contrast, without the complete primosome (that is, without gp61 added in our experiments), no Okazaki fragments are synthesized. Now the superhelical tension that DNA synthesis creates is removed by strand displacement at the back of the D-loop, aided by UvsX protein ([@B96]; [@B41]; [@B42]; [@B67]). This allows a long DNA single strand to be synthesized by a conservative mechanism (rolling circle replication from a small moving bubble), even with no topoisomerase present (see [@B25]).

In the presence of a DNA topoisomerase, the scheme diagrammed in [Figure 5](#F5){ref-type="fig"} predicts a nicked double-stranded DNA circle as a major product of the recombination-dependent DNA synthesis that occurs on a circular double-stranded DNA template. To test this prediction, we analyzed the products of the reaction by electrophoresis through an agarose gel at neutral pH, a condition that leaves the DNA double helix intact. The results demonstrate the formation of the expected 7.25-kb M13MP9 form II nicked circle, in a reaction that requires both a DNA topoisomerase and the complete T4 primosome ([Figure 6](#F6){ref-type="fig"}).

![A major product of topoisomerase-dependent recombination-dependent DNA synthesis on the supercoiled M13MP19 (form I) template is a discrete band identified by electrophoresis on neutral gels as nicked M13MP19 (form II) double-stranded circles. Only those reactions with gp61 (61 protein) contain an active primosome. DNA synthesis on a supercoiled DNA template was carried out exactly as described for reactions 1--3 in [Figure 4](#F4){ref-type="fig"}. Reactions were stopped with cold EDTA as described in *Materials and Methods*. Aliquots were then split and processed either for electron microscopy (see [Figure 7](#F7){ref-type="fig"}) or gel electrophoresis. Shown here are autoradiographic analyses of the radioactive DNA products after electrophoresis on an alkaline 0.6% agarose gel (right) and a 0.8% agarose gel at neutral pH (left), following (a) 7 min and (b) 14 min of reaction. As seen previously, DNA synthesis in reaction 2 (no topoisomerase) is remarkably limited in comparison with the synthesis observed in the presence of topoisomerase (reaction 3). Most of the products of these DNA synthesis reactions move slowly in their native state on the neutral gel and are indistinguishable from one another. The exception is the prominent band in reaction 3, identified as the M13MP19 (form II) nicked circle by direct comparison with a randomly nicked M13MP19 DNA standard. Form II of M13MP19 is a predicted product of topoisomerase-dependent, semiconservative DNA synthesis (see [Figure 5](#F5){ref-type="fig"}). The slowly moving products on the neutral gel include the DNA networks ("aggregates") that form when UvsX, double-stranded DNA, and homologous single-stranded DNA react (see [@B25]). Also running slowly on the neutral gel are "rolling circle" molecules (molecules undergoing either strand displacement synthesis initiated from a nick or DNA synthesis from a small moving bubble), as well as positively supertwisted circles with a stalled replication bubble, whose unique structure apparently causes them to move slowly. (In contrast, simple circular molecules that are negatively or positively supertwisted run faster than nicked circles on the neutral gel.) Minor products detected in the neutral gel of size 1--5 kbp (reaction 3b) are thought to be single-stranded Okazaki fragments, displaced from their lagging strand template by "onion skin" DNA synthesis. The products made in reactions 2 and 3 are analyzed by electron microscopy in [Figure 7](#F7){ref-type="fig"}.](mbc-30-146-g006){#F6}

The Supplemental Material presents further information on the properties of this reaction. As expected, the topoisomerase-dependent DNA synthesis observed on a supercoiled circular template requires both a single-stranded DNA primer and the UvsX protein (Supplemental Figure S2). Replacing the radioactive deoxyribonucleoside triphosphate with a radioactively labeled primer strand as the only labeled precursor reveals that the reaction starts asynchronously, requiring 16 min for the majority of primer strands to be used to start DNA synthesis (Supplemental Figure S3). (Note that the number of template molecules exceeds the number of primer molecules in our reactions; see *Materials and Methods*.)

Electron microscopy of the DNA products produced on a circular, supercoiled template
------------------------------------------------------------------------------------

We have used electron microscopy to analyze the DNA products present after 7 min of synthesis in the two reactions in [Figure 6](#F6){ref-type="fig"} that contain a functioning primosome (reaction 2, without topoisomerase, and reaction 3, with topoisomerase). The DNA spreading techniques used allow single- and double-stranded regions of DNA to be readily distinguished in individual DNA molecules (see *Materials and Methods*), and by randomly selecting fields containing hundreds of molecules, we could estimate the relative abundance of products with different DNA structures. [Figure 7](#F7){ref-type="fig"} presents the data for each class of molecule that constituted more than 10% of the product from at least one of the two reactions. Micrographs that illustrate these six major classes are shown in [Figure 7](#F7){ref-type="fig"}, A--F, accompanied by the percentages observed for each class in the plus-topo and minus-topo reactions, which are also plotted in [Figure 7G](#F7){ref-type="fig"}.

![Electron microscopy confirms and extends the conclusions derived from biochemical analyses. The DNA products present after 7 min of synthesis in the two reactions in [Figure 6](#F6){ref-type="fig"} containing gp61 and thus a complete primosome (reaction 2 without topoisomerase and reaction 3 with topoisomerase) were examined by electron microscopy. Aliquots from each reaction were spread on electron microscope grids (see *Materials and Methods*), and all visible molecules of each type were scored by sampling areas of equivalent size on each of six grids. In total, 362 molecules from reaction 2 (minus topoisomerase) and 619 molecules from reaction 3 (plus topoisomerase) could be characterized. Illustrated here are samples of each class of molecule observed to constitute more than 10% of the molecules in at least one of the two reactions, with the percentages indicated for both the "plus-topo" and "minus-topo" conditions. (A) Unreplicated negatively supercoiled templates, showing the naturally occurring variation in the amount of supercoiling observed. (B) Rolling circle, conservative DNA synthesis from a small moving bubble. (C) Two supertwisted DNA molecules that contain a stalled replication bubble; the positive supertwisting of the nonreplicated part of the circular template produces a variety of plectonemic supercoils. (D) Nicked monomer circle (form II), the majority product in the presence of DNA topoisomerase. (E) Rolling circle, semiconservative DNA replication from a nicked, form II template. (F) DNA tangle. (G) Histogram comparing the percentages observed for each of the six classes of product, with (+) and without (−) topoisomerase present. The most abundant minor products not illustrated here were linear DNA molecules of roughly template length; these constituted ∼10% of the total in both the plus-topo and minus-topo reactions and are thought to represent breakage products. Newly synapsed structures were detected in only minor amounts---as a circular double helix attached to a single-stranded, homologous primer that extends from a small D-loop (see [Figure 8A](#F8){ref-type="fig"}). Scale bar indicates 100 nm.](mbc-30-146-g007){#F7}

In the presence of topoisomerase, the major product observed is the open form II circle ([Figure 7D](#F7){ref-type="fig"}), in agreement with [Figures 5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}. The rolling circle product that is also predicted in [Figure 5](#F5){ref-type="fig"} ("rolling circle DNA synthesis from a nick") is four- to fivefold less abundant in terms of molecule numbers (12% vs. 55%t of molecules; [Figure 7E](#F7){ref-type="fig"}). Replication forks that create such rolling circles can be generated by our T4 DNA replication system once a nicked circular DNA template (e.g., the form II circle) is present ([@B73]; [@B81]; [@B87]).

As we would expect, the products of recombination-dependent DNA synthesis are quite different in the absence of DNA topoisomerase. About 15% of the molecules visualized were in the form of highly twisted DNA circles ([Figure 7C](#F7){ref-type="fig"}), as predicted from the stalled replication bubble drawn in [Figure 5](#F5){ref-type="fig"}. Only 8% of the molecules in the sample were the open form II circles that constitute 55% of the molecules in the plus-topo reaction, an amount that could have been generated by a simple nicking of the supercoiled template ([Figure 7D](#F7){ref-type="fig"}).

A surprise is the molecules that could be generated by conservative synthesis of a DNA double helix: that is, circular template molecules with a D-loop from which a double-stranded tail emanates ([Figure 7B](#F7){ref-type="fig"}). These molecules are only 2% of the total in the plus-topo reaction, but constitute 25% in the minus-topo reaction. How might we explain this finding? A clue comes from the observation that the double-stranded tails were short, over 90% being shorter than the template length after 7 min of reaction, with a majority less than one-fourth template length (that is, less than 1.8 kb). For a reaction in which a long rolling-circle tail produced by bubble migration is simply filled in with Okazaki fragments under conditions of primosome activation (the conservative DNA synthesis model in [Figure 2](#F2){ref-type="fig"}), DNA tails more than 25 kb in length would be expected (e.g., see reaction 1 in [Figure 4C](#F4){ref-type="fig"}). Both our electron microscope results and the agarose gel electrophoresis data show that something very different is involved, inasmuch as there is only a tiny amount of leading-strand synthesis when the primosome is active without topoisomerase present. (Reaction 2 in Supplemental Figure S3 reveals leading strand lengths of 2 to 3 kb at 8 min, with a small minority of strands creeping up to 5--7 kb by 16 min.)

Our explanation for the DNA product observed in [Figure 7B](#F7){ref-type="fig"} is that diagrammed in [Figure 8](#F8){ref-type="fig"}. After the leading-strand DNA polymerase stops moving due to the superhelical tension that builds up on a closed circular DNA template, a branch migration process *behind* the site of polymerase action can slowly remove this tension. As illustrated in the top pathway, this branch migration can displace Okazaki fragments formed inside the D-loop bubble, permitting a gradual elongation of the leading strand to continue. We believe that this process produces a small amount of conservative DNA synthesis in our in vitro system (molecule 2C in [Figure 8](#F8){ref-type="fig"}). But unless specifically driven by a special DNA helicase appropriately positioned at the back of the D-loop bubble, this type of DNA synthesis would not be expected in cells, where DNA topoisomerase activity is always present.

![Some effects of branch migration on a covalently closed, circular DNA template molecule containing a replication bubble stalled by superhelical tension. In the absence of a DNA topoisomerase, the initial product of recombination-dependent DNA synthesis on a circular template is a supertwisted molecule with a stalled replication bubble. An electron micrograph of such a molecule with supertwists removed is presented in A. This is the same as Molecule 1 in B, where the 3″ end of a homologous single-stranded DNA primer (*blue*) has been extended a few hundred nucleotides by leading-strand DNA synthesis, and an Okazaki fragment has been synthesized on the other side of the D-loop. As indicated, this molecule can undergo branch migration. In the top pathway, a slow UvsX-catalyzed branch migration occurs behind the stalled replication bubble, displacing the 3′OH end of the Okazaki fragment that had been inside the replication bubble, while leaving the 3′ OH end of the extended primer paired with its template (Molecule 2A). The newly extruded end of the Okazaki fragment then primes DNA synthesis to make the homologous DNA primer double-stranded, creating molecule 2B. A slow process of rolling-circle replication from a small moving bubble may subsequently occur, creating molecule 2C, in which Okazaki fragments that were synthesized inside the replication bubble have been repeatedly displaced by UvsX-driven branch migration. The product is a double helix that has been synthesized conservatively. In the bottom pathway, branch migration occurs at both ends of the stalled replication bubble, causing the 3′ OH end of the extended primer to be displaced from its template, stopping DNA synthesis (molecule 3). In the absence of topoisomerase, electron microscopy reveals numerous products that resemble the molecules diagrammed here (e.g., see [Figure 7C](#F7){ref-type="fig"} and Supplemental Figure S4).](mbc-30-146-g008){#F8}

In an attempt to better visualize the structure of the supertwisted DNA template molecules that contain stalled replication forks in [Figure 7C](#F7){ref-type="fig"}, we examined the DNA products of the minus-topo reaction after treating them lightly with DNase to remove superhelical tension (see *Materials and Methods*). Here, we scored molecules with short tails whose topology was clear. The structures of three of these molecules are presented in Supplemental Figure S4, A--C. A total of 10 such molecules were analyzed to determine the size of the replication bubble in such molecules and the short lengths of DNA that extend from them. The schematic in Supplemental Figure S4D illustrates their general structure and defines lengths *W* and *X* for the DNA inside the replication bubble, plus lengths *Y* and *Y*' for the double-stranded DNA that is seen to extend from the opposite ends of this bubble. The measured lengths for *W*, *X*, *Y*, and *Y*' are presented for each of the 10 molecules in Supplemental Figure S4E. For this set of molecules, the mean value for (*W* + *X*)/2, the bubble size, is 1.36 ± 0.19 kb.

We attribute the large size of the replication bubbles in Supplemental Figure S4 (1.36 kb) to spontaneous DNA branch migration, a "random walk" process that would be expected after stopping our DNase treatment by Mg^2+^ chelation with EDTA ([@B82]). In a closed circular DNA molecule, the size of the replication bubble would only be about a fourth of this length (see, for example, [Figure 7B](#F7){ref-type="fig"}). In fact, from Supplemental Figure S4, the total length of the extended DNA primer chain can be estimated as 1.95 ± 0.24 kb. Because the initial primer length was 1.62 kb, DNA synthesis had been able to proceed for only 330 nucleotides on average in these 10 molecules, before the accumulation of superhelical tension stopped the recombination-dependent replication fork.

DISCUSSION
==========

The prokaryotic protein complexes that function on DNA carry out processes that are very similar to those catalyzed by their relatives in eukaryotic cells, while being considerably less complex. In these "model systems," each task is generally performed by fewer protein subunits; in addition, one avoids the elaborate regulation of protein function that occurs in eukaryotes through protein phosphorylation and other types of covalent modification. And because bacteriophages in the wild have very short generation times and enormously competitive lifestyles, their sets of proteins central for viral success---such as those studied here---will have been finely tuned for optimal function through natural selection. For these reasons, mechanistic studies in prokaryotes will continue to provide information that is critical for our understanding of all other organisms.

To connect our findings to what has been discovered in other laboratories, we begin this discussion with a focus on the properties of the two T4 bacteriophage mediator proteins that function in the in vitro system used here, gp59 and UvsY, briefly relating them to analogous proteins in other DNA replication systems. Then we address the broader implications of this research, emphasizing the immense chemical sophistication that underlies the many protein--DNA interactions that are fundamental to life.

The gp59 and UvsY mediator proteins serve as both disassembly and assembly factors
----------------------------------------------------------------------------------

The structures of both the gp59 and UvsY proteins have been determined by x-ray crystallography ([@B77]; [@B28]), and their detailed modes of action have been analyzed by physicochemical techniques ([@B11]; [@B97]; [@B54], [@B53]; [@B92]; [@B13], [@B12]; [@B9]). These small proteins readily oligomerize: gp59 to form hexamers and UvsY to form heptamers. They bind both to single-stranded DNA and to gp32, and in their oligomerized forms they appear to use a "wrapping" process to remove a cooperatively-bound cluster of gp32 monomers from the DNA---simultaneously loading either a gp41 hexamer (in the case of gp59) or an assembly of UvsX monomers (in the case of UvsY) onto the freed-up stretch of nucleotides.

The gp59 is considerably larger than UvsY (26 vs. 15.8 kDa), and it contains binding sites that cause it to bind prefentially to forked DNA, positioning a bound gp32 molecule where it can nucleate the assembly of gp32 monomers on the displaced single strand of the D-loop ([@B33]). In this position, the gp59 also ''locks'' any gp43 molecule bound to the invading 3′ end, thereby preventing this T4 DNA polymerase molecule from synthesizing DNA until the gp59 is repositioned by its loading of a gp41 hexamer as a ring around the DNA ([@B21]; [@B91]; [@B9]). Through this set of activities inside the D-loop, the gp59 mediator protein ensures that a semiconservative form of RDR produces the large amount of T4 DNA needed to fill T4 bacteriophage heads

One would assume that the UvsY mediator protein, like gp59, has the ability to load its partner UvsX at preferred sites on the DNA; however, this remains to be deciphered, and it would presumably require that UvsY bind additional proteins.

Mediator proteins with similar functions are found in many other organisms
--------------------------------------------------------------------------

As one would expect, proteins with functions analogous to those of gp59 and UvsY are required by many different types of cells. Although not a structural homologue, the best-studied gp59 analogue is priA, an *E. coli* protein that binds to the same type of fork structure; unlike gp59, it contains a 3′ to 5′ helicase activity ([@B37]). PriA functions as part of a larger protein complex that can load the *E. coli* hexameric replicative helicase, DNAB, onto DNA during replication restarts. Such restarts are needed during each bacterial cell cycle to overcome the unavoidable accidents that stall a replication fork ([@B64]; [@B65]), and they have been extensively studied in the *E. coli* in vitro system ([@B85]; [@B93]; [@B26]; [@B55]; [@B94]).

Analogues to the UvsY recombination mediator protein in bacteria are the *E. coli* RecO, RecF, and RecR proteins, each of which can nucleate the cooperative assembly of RecA protein (the bacterial homologue to UvsX) on DNA single strands that are covered by *E. coli* SSB (the bacterial analogue to gp32). Not surprisingly, eukaryotic cells also contain mediator proteins with functions similar to those of gp59 and UvsY (reviewed in [@B94]; [@B67]; [@B44]).

Large numbers of specific protein--protein interactions control how DNA functions in cells
------------------------------------------------------------------------------------------

We have thus far described only the specific protein--protein interactions in our in vitro system that involve mediator proteins. But it is clear that many other such specific interactions are also critical. As one example, the acidic C-terminal tail of gp32 interacts with gp59, gp43, UvsX, UvsY, dda, and gp61 in the set of proteins that we have employed ([@B69]). Because of such protein--protein interactions, three-dimensional folding is characteristic of DNA--protein assemblies ([@B22]), a fact omitted from standard cartoon drawings. Correspondingly, we know from previous work that the *E. coli* RecA protein cannot replace the UvsX protein, even though these homologues can catalyze essentially the same strand-exchange reactions ([@B25]).

[Figure 9](#F9){ref-type="fig"} illustrates how, in principle, recombination-dependent DNA synthesis can be directed to produce either a conservative or a semiconservative mode of DNA replication through a combination of specific inhibitory and specific stimulatory protein--protein interactions. In our case, the loading of the critical gp41 DNA helicase as a hexameric protein ring is specifically catalyzed at the front of the D-loop bubble by gp59, as previously explained, while being inhibited on the new single strand extruded from the D-loop by that strand\'s coating with cooperatively bound UvsX protein (see [Figure 1](#F1){ref-type="fig"}). The resulting semiconservative type of RDR makes biological sense for T4 bacteriophage at late times of infection, since it efficiently generates the long concatemeric DNA structures on which empty T4 phage heads assemble to package a slightly more than unit-length final T4 chromosome ([@B74], [@B75], [@B76]; [@B45]).

![How cells use mediator proteins to control the outcome of recombination-dependent DNA replication (RDR). As described in the text, and observed in the experiments reported here, the loading of the gp41 DNA helicase on the displaced single strand is blocked by that strand\'s coating of UvsX protein, while being catalyzed at the front of the D-loop by the preferential binding of gp59 to the forked DNA and gp32 that is located there. As a result, the gp59 mediator protein loads gp41 only inside the D-loop. The gp41 then binds gp61 to produce semiconservative DNA replication. For the process of break-induced replication (BIR) thus far observed in *S. cerevisiae* and mammals, a different set of protein--protein interactions produces the opposite result, and DNA is replicated conservatively. Conservative DNA replication will be inherently error-prone, inasmuch as the mismatch repair systems that are essential for high replication fidelity cannot operate without the original parental strand to use as a reference.](mbc-30-146-g009){#F9}

In other cases, one might expect a different outcome, depending on the needs of the cell. In fact, DNA synthesis that resembles the conservative DNA synthesis illustrated in [Figure 2](#F2){ref-type="fig"} underlies the break-induced replication (BIR) that has thus far been observed in *Saccharomyces cerevisiae* ([@B84]; [@B20]; [@B63]), as well as in mammalian cells---a process found to be abnormally enhanced in some cancers (Constantino *et al.*, 2014). This BIR process also differs from normal replication in requiring the Pol32/POLD3 subunit of eukaryotic DNA polymerase delta, as well as a special DNA helicase (Pif1 helicase, a T4 dda relative) that allows the D-loop bubble created by recombination-dependent DNA synthesis to continue to migrate for thousands of nucleotides. Clearly therefore, either outcome in [Figure 2](#F2){ref-type="fig"} is possible, evolution having presumably selected for the position and mechanism of helicase DNA loading that produces the best outcome for the cell.

Others have demonstrated that the ALT mechanism of telomere maintenance, which like BIR requires recombination-dependent DNA synthesis, occurs by a conservative mechanism ([@B83]). Any conservative form of DNA synthesis would seem to have the disadvantage of being inherently error-prone ([@B18]), inasmuch as the mismatch repair system that removes most replication errors cannot function without a parental reference strand to guide it ([@B66]). Perhaps for this reason, this type of replication normally appears to be limited to a few kilobases in S-phase, being terminated by mus81 nuclease cleavage ([@B63]).

The biochemical pathways used for DNA damage repair are known to be highly regulated ([@B78]). Because a study of BIR in the fission yeast *Schizosaccharomyces pombe* has revealed a form of RDR that proceeds semiconservatively during S-phase ([@B99]), it may be that both conservative and semiconservative forms of RDR will occur in a eukaryote, depending on the precise circumstances.

Next steps
----------

A controlled, site-specific assembly onto DNA of each of the many different protein complexes that function on DNA is central to biology. From genetics and pathway analyses, we know a large number of the essential components of these assemblies. But we will need much more in vitro biochemistry with purified proteins before scientists can claim to truly understand how DNA sequences are faithfully maintained by elaborate DNA repair processes, transmitted from one cell generation to the next by DNA replication and chromosome-sorting mechanisms, and used to express the specific genetic information needed by a cell through highly selective DNA transcription events.

Much of cell chemistry is attributable to complexes of 10 or more proteins that may normally only interact weakly, being triggered to assemble into functional "protein machines" only when and where each machine is needed ([@B1], [@B2]). Understanding them requires reconstituting each process in a test tube with a mixture of highly purified proteins and nucleic acids, followed by the many biochemical manipulations and physical measurements required to uncover precise mechanisms. Even with respect to the specific small subset of reactions that we have studied here, much remains to be done. Thus, for example, inside the T4 bacteriophage-infected cell, in addition to dda and gp41, a third T4 DNA helicase, UvsW, is intimately involved in the reactions that enable replication forks to deal with lesions and replication accidents. UvsW is most notable for its ability to drive fork regression, as one elegant mode of DNA replication repair ([@B58], [@B59]; [@B47]; [@B46]; [@B100]). But in some cases, UvsW functions with the same set of proteins that we have studied here. How might the addition of purified UvsW protein alter the reactions that we have reconstituted? When all three T4 DNA helicases are simultaneously present, where is each located and how does each affect the other? Because of extensive homologies with the helicases in other types of cells ([@B39]; [@B32]; [@B62]), the answers to such questions should contribute quite broadly to our understanding of cell biology.

MATERIALS AND METHODS
=====================

Assay for RNA-primed DNA synthesis on a circular, single-stranded DNA template
------------------------------------------------------------------------------

gp59 was examined for its ability to stimulate the de novo synthesis of DNA on a single-stranded, circular M13 DNA template in the presence of seven core T4 replication proteins and the T4 strand-exchange protein UvsX. In these assays the synthesis of RNA pentameric primers by the gp61 DNA primase (the 61-protein component of the primosome) is completely dependent on the presence of the gp41 DNA helicase (the 41-protein component of the primosome). All reaction mixtures were prepared on ice and contained assay buffer (66 mM potassium acetate, 33 mM Tris acetate, pH 7.8, 10 mM magnesium acetate, and 0.5 mM dithiothreitol), 100 µg/ml (or 50 µg/ml where indicated) HSA, ribo- and deoxyribonucleoside triphosphates (1 mM ATP, 1 mM GTP, and 0.2 mM each of CTP and UTP; 0.4 mM each of dATP and dGTP, 0.2 mM dCTP, and 0.2 mM \[3H\]dTTP at a specific activity of 1560 Ci/mol), M13 DNA template (3.3 µg/ml or 9.8 µM), an ATP regenerating system (10 mM creatine phosphate and 10 µg/ml creatine phosphate kinase, required to compensate for the high level of ATPase activity associated with UvsX protein), and T4 replication proteins (2.5 µg/ml gp43, 30 µg/ml gp44/gp62 protein complex, and 10 µg/ml gp45---constituting the DNA polymerase holoenzyme; 1 µg/ml gp61 and 21 µg/ml gp41---constituting the primosome). Present only when indicated were 62 µg/ml gp32, 100 µg/ml UvsX protein, and 0.6 µg/ml gp59. The assays were carried out at 37°C. Aliquots were taken at various times, synthesis was stopped by the addition of Na~3~EDTA, pH 9.0, to a final concentration of 25 mM on ice, and the \[3H\]dTTP label incorporated into acid-insoluble DNA products was then determined ([@B25]). Results are expressed as nmol of total deoxyribonucleotide incorporated into DNA per ml of assay mixture.

Assay for recombination-dependent DNA synthesis
-----------------------------------------------

To examine the ability of gp59 to allow primosome function and Okazaki fragment synthesis (lagging strand synthesis) in a replication system initiated by genetic recombination, reaction mixtures were prepared on ice containing assay buffer (33 mM Tris acetate, pH 7.8, 66 mM potassium acetate, 10 mM magnesium acetate, and 0.5 mM dithiothreitol), 50 µg/ml HSA, ribo- and deoxyribonucleoside triphosphates (2 mM each of ATP and GTP, 0.2 mM each of CTP and UTP, 0.4 mM each of dGTP and dATP, 0.2 mM dCTP, and 0.15 mM \[α-^32^P\]dTTP \[at the specific activity given in the figure legends\]), and the ATP regenerating system described previously. To reduce synthesis from nicks present in a minor fraction of template molecules, all reactions contained 2 units/ml T4 DNA ligase as well as 0.25 mM spermine and 0.15 mM spermidine. The following proteins were present in all reactions: 2.5 µg/ml gp43, 30 µg/ml gp44/gp62 protein complex, 10 µg/ml gp45, and 68 µg/ml gp32. The following proteins were present when indicated: 21 µg/ml gp41, 1 µg/ml gp61, 1 µg/ml gp59, 2 µg/ml dda protein, 21 µg/ml UvsX protein, 5 µg/ml UvsY protein, and 2 µg/ml of T4 type II DNA topoisomerase (gp39/gp52/gp60 complex; [@B52]). The T4 UvsY protein nucleates UvsX protein assembly on single-stranded DNA, thus allowing a fivefold lower concentration of UvsX protein to be used ([@B68]).

When present, the double-stranded template was 20 µM (nucleotides) of the 7250 base pair M13MP19 DNA (1.38 nM as supercoiled circles or the *Bgl*II linearized form as indicated; see below). The single-stranded DNA primer was 2 µM (nucleotides) of the 1623 nucleotide, linear fragment (1.23 nM as fragments) cut from M13 single-stranded DNA circles with *Hae*III (see below). All components except for the DNA primer, the four deoxyribonucleoside triphosphates, the CTP and UTP, and 75% of the GTP and ATP were preincubated for 4 min at 37°C. Finally, the DNA primer and all of the missing nucleotides were added to start DNA synthesis. Portions of the reaction mixture were subsequently taken at various times and brought to 25 mM Na~3~EDTA (using a pH 9.0 stock on ice) to stop DNA synthesis. The incorporation of the labeled dTTP into acid-insoluble DNA product is expressed as nmol (nucleotide)/ml reaction. DNA products were also analyzed for size and shape as described below.

DNA product analysis by agarose gel electrophoresis
---------------------------------------------------

In all cases, equal volumes of reaction mixture were compared on these gels. The analysis of DNA products by agarose gel electrophoresis under alkaline denaturing conditions (30 mM NaOH) is described in [@B8]. For the analysis of DNA products by neutral gel electrophoresis, samples were first made 0.4% in SDS and heated for 5 min at 65°C to denature DNA binding proteins. Samples were then adjusted to 10% sucrose, 0.03% bromophenol blue, and an additional 20 mM Na~3~EDTA (pH 8) and loaded onto horizontal 0.8% agarose gels formed in neutral gel running buffer (50 mM Tris-Cl, pH 7.9, 40 mM sodium acetate, and 1 mM Na~3~EDTA). The gels were run nonsubmerged at 20 V for 40 h, with the running buffer at both anode and cathode changed every 8--10 h. Upon completion, the gels were stained with ethidium bromide and the UV illuminated bands photographed to record the relative positions of standards---including forms I and II of plasmid M13MP19 DNA, the 40 kbp T7 DNA, and the linear double-stranded *Bst*EII and *Hin*dIII restriction fragments of bacteriophage lambda DNA. The gels are then acidified, dried, and autoradiographed as in [@B8].

DNA product analysis by electron microscopy
-------------------------------------------

Recombination-dependent DNA synthesis reactions were carried out as described above with HSA present at 50 µg/ml. Aliquots from reactions stopped with EDTA (see above) were diluted 20-fold to create a solution containing 0.5--1.0 µg/ml DNA, 40% formamide by volume, and 0.1 mg/ml cytochrome *c* and were spread onto double-distilled water. The resulting cytochrome *c*--DNA-mixed film was picked up on grids covered with films prepared from 0.5% Formvar ([@B43]). The DNA-containing grids were stained by dipping them for 30 s in a 0.1 mg/ml uranyl acetate solution in 90% ethanol and, after drying, shadowed with platinum. DNA molecules were photographed with a Phillips EM 300 electron microscope using a 50-IA objective aperture and 60 kV accelerating voltage. A reasonably long stretch of a DNA molecule can usually be classified with confidence as either single- or double-stranded, inasmuch as the threadlike double-stranded DNA appears more rigid, smoother, and wider than the single-stranded DNA. However, due to this method\'s limited resolution, the position where the structure transitions from double- to single-stranded cannot be precisely determined.

DNase I nicking of the DNA products to remove superhelical tension
------------------------------------------------------------------

After 7 min of synthesis, the reaction was stopped with EDTA as described previously. The products of the minus-topoisomerase reaction (reaction 2, in [Figure 6](#F6){ref-type="fig"}) were heated to 65°C for 10 min to denature the T4 replication and recombination proteins, and the DNA was separated from nucleotides and denatured protein on a BioSpin 30 column (BioRad), according to manufacturer\'s instructions. The DNA was recovered from this column in 40 mM Tris-Cl, pH 7.4, 10 mM MgCl~2~, 20 µg/ml HSA. Bovine pancreatic DNase I (20 ng/ml) was added for a 5-min incubation at 37°C. The reaction was stopped with excess Na~3~EDTA and the nicked DNA was prepared for electron microscopy as described above (see Supplemental Figure S4).

Reagents and enzymes
--------------------

All restriction nucleases and most DNA-modifying enzymes (including T4 DNA ligase) were purchased from New England Biolabs in the early 1990s, when all of the reported experiments were performed. Nucleoside triphosphates were obtained from Pharmacia, creatine phosphate, creatine phosphate kinase, and DNase I were from Sigma, and human serum albumin (HSA) was from Worthington Biochemical Corporation. Radiolabeled compounds were obtained from Amersham. Other chemicals and biochemicals were obtained from Sigma unless specified otherwise. The T4 DNA topoisomerase was a generous gift from Ken Kreuzer (Duke University). The T4 bacteriophage UvsX and UvsY proteins were purified from overproducing strains as described in [@B68]. The purified protein products of the cloned T4 genes 44/62 and 45 were prepared according to [@B72] and the products of cloned T4 genes 32, 41, 43, 59 and 61 were purified as described in [@B8].

All protein stocks used were free of contaminating nucleases, as judged by sensitive testing ([@B10]). Nuclease testing of UvsX protein and gp32 was done at concentrations that left ∼40% of the single-stranded DNA protein-free (see [Figure 1](#F1){ref-type="fig"} legend for stoichiometries). Protein concentrations were determined by Bradford assay, using bovine serum albumin (BSA) as the standard. The gp32 concentration was determined by absorption using A280 = 1.07/mg/ml. For the enzyme assays described below, small amounts of each protein were diluted using assay buffer (see below) supplemented with 100 µg/ml human serum albumin (HSA).

Nucleic acids
-------------

Circular single-stranded DNA from bacteriophage M13 was isolated as described for bacteriophage fd DNA in [@B14]. The 1623 nucleotide linear (*Hae*III) fragment of M13 single-stranded DNA was prepared and labeled with ^32^P at the 5′-end using the alkaline phosphatase/T4 polynucleotide kinase method ([@B68]). Supercoiled (form I) DNA from bacteriophage M13MP19 was isolated as described in [@B68]. M13MP19 DNA was linearized by restriction endonuclease cutting at the unique *Bgl*II site.
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